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EFPECT OF WING LOADING, ASPECT RATIO, AND SPAN LOADING 

ON PLIGHT PERFORMANCE S * 
By B. GBthert 



SUMMARY 



An investigation is made of tho possible improve- 
ment in maximum, cruising, and climbing spoods attain- 
able through incroaso in tho ving loading. Tho docroaao 
in wing area was considorod for the two cases of constant 
a3poct ratio and constant span loading. For a dofinito 
flight condition, an investigation is made to dotormino 
what loss in flight performance must bo sustained if, 
for givon reasons, cortain ving loadings arc not to bo 
oxecodod. With the aid of those gonoral investigations, 
tho trend with rospoct to wing loading is indicated and 
tho roquircmonts to bo imposed on the landing aids arc 
discussod. ** 



♦"Einfluss von Plttuhcnbolastung, PHlgolstrockung und 
Spannv jitonbolastung nuf dio Pluglcistungon. " Luftfahrt- 
forschung, vol. 18, no. 5, May 20, 1939, pp. 229-246. 
(Prom Thosis D83, accoptod by tho Technical High School 
of Borlin) 

**In the courso of the revision of this report dating from 
1936, a number of foreign papers have been published which 
similarly take up the question of tho increase in wing 
loading for constant aspoct ratio (references 1 to 5). In 
these reports tho equations for tho optimum wing loadings 
for high speod are derived, also in genoral form, and a 
discussion is givon of tho difficulties in realizing thoso 
high wing loadings. Tho prosont roport is concornod not 
only with tho optimum wing loading for high-spood- flight 
but also with tho loss in flight porformanco conditioned 
by the unavoidable deviations from tho optimum wing load- 
ing, as, for cxamplo, ubon for take-off and landing rea- 
sons cortain wing loadings are not to bo excooded. 
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A.. SYMBOLS USED 

G, gross weight of airplaiLO. 

G 1 , gross weight for reference condition G/7 = 
100 kg/m a and A = 5. 

Gji t weight of wings. 
N, engine powor. ■ ■ 
7, wing area. 
f w3 = c wa 7, frontal drag flat plato aroa. 
f ws ' = f ws - c wp 7 = (c W8 - c wp ) 7 

= c wa 1 7, parasito drag flat plato aroa. 
p , air density. 
T\, propollor efficiency. 
N/G, reciprocal of powor loading. 
T)f ws'/ G * parasite drag loading. 

A = "b 3 /7, wing aspect ratio. 
&/d 3 , span loading. 

v, velocity in horizontal direction, 
w, rate of climb. 
Cl p = — 2 — ; n. = — A — etc. 

P P4000 A A = 5 

i. denotes reforonce condition for G/7 = 100 kg/m 
and A = 5 . 

* denotes condition at optimum wing loading. 
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B. PBJELIMIHAHY BEMABKS 
I. Statement of the Problem 



Prom the power distribution curves of a present-day 
high-speed airplane (fig. 1)* with a wing loading of 120 
kg/n', it is found that at high speed the wing contributes, 
about 60 percent of the total drag of the airplane. Since 
this wing drag consists for the most .part of pure frio- 
tional drag, any decrease in its value oan bo obtained, 
except for smoothing of the surfaces, only by a reduction 
in tho aroaB exposed to the air: i.e., for a given woight 
by an increase in the wing loading. In throttled engine 
flight, or what amounts to tho samo thing, in high-speed 
flight at high altitudes for which the proportion of tho 
wing profile drag decroasos as a result of tho increase 
in the induced drag, the gain in flight performance re- 
sulting from the wing-area reduction will be small because 
while the part of the drag due to tho wing reduction will 
be smallor the induced drag will increaso with reduction 
in wing size. 

In present-day airplanes, therefore, an increaso in 
the maximum volocity through increase in tho wing loading 
is apparently attainable, the amount of incroase depending 
on the design data of the airplane. On tho other hand, 
the increaso in tho wing loading above tho uBual prosont- 
day values will unfavorably affect tho climb porformanco 
and tho coiling so that an optimum, compromiso solution 
will havo to bo found between tho contradicting require- 
ments of maximum speed and climbing ability, depending on 
the purpose of the airplane in question. Tho object of 
the present investigation is to establish for what typos 
of airplanes an increase in tho wing loading is of particu- 
lar advantago and up to what values this increase may be 
carriod while still maintaining high spood and cruising 
flight with sufficient climb performance. 

Purther limits to the increase in the wing loading 
lie in the take-off and landing requirements of the air- 
plane. In recent years various methods have been tested 
for take-off, so that a sufficiently short take-off run 
could be attained also for extremely high loading, for ex- 
ample, with the aid of catapults, cables, short-timo- boost 
power, eto. Assuming take-off aids with satisfactory char- 
acteristics will bo developed in the future for still 
higher wing loadings of about 250 kg/m 8 , the problem is 



Pig. 1 was taken from ref orenoe 6 . 
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shifted to that of the safe control of tho landing. Hore 
the favorable ciroumstanco entora; namoly, that, duo to 
tho elimination of tho fuel load . and also , of tho usoful 
load, wing loadings in landing are lovor than in tako-off. 
On the other hand, the external aids aro no longer appli- 
cable in landing, so that, tho only possibility for short- 
ening tho landing run aro tho lowering of the landing 
spaed through incroase in tho maximum lift of tho wing 
and' effective braking. Except for stationary curved flight, 
for which the diameter of the narrowest curve naturally- 
incroaaos with increasing wing loading, an increaso in tho 
wing loading for equal aspect ratio will react favorably 
on tho manpuv or ability . According to Laahmann (roferonco 
7), for oqual flight speed and equal wing rolling moment 
coof f iciont ,with decreasing span thero is a decreaso in 
tho timo roquired for carrying out a completo turn because 
the damping by the surfacos is reduced more rapidly than 
the accelerating rolling moments. This improvement in the 
handling qualities will be of advantage to military air- 
planes. In the caso-of commercial airplanes, however, 
which do not require any great maneuverability in flight , 
tho reduction of tho wing damping will havo an unfavorable 
ef f ect, particulary on the approach for a landing. 

In the presont Investigation, we Bhall not for tho 
moment consider tho limits sot on the wing-loading, incroase 
by tako-off and landing characteristics and tho changos in 
maneuvorability brought about by- an increase in tho wing 
loading will not bo taken into account, only those wing 
loadings being considered which are tho optimum with ro- 
gard to lovol and climbing flight. 

II. Assumptions Made for tho Computation 

The wing loading of a given type- of airplane may bo 
increased by decreasing the wing area at constant wing as- 
pect ratio or at constant span: i.e., equal span loading 
(r/b 3 , if the weight is kept constant (fig. 2). Constant 
span loading has the advantage that for equal airplane 
weight the induced drag is a function only of the 'flight 
speed. The limit for the wing loading incroase is here 
set, however, not only by considerations of take-off and 
landing but also by' tho strength conditions of the vory 
slendor wings. . It thus appeared to be more advantageous 
to consider the wing area roduction at constant aspoct 
ratio and to introduce the lattor as an indopendont vari- 
able. The designer is then immediately familiar with a 
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design constant with, which he is enabled to estimate rap- 
idl7 tho required - strength of the wing. In order, 
hovovor, to "soe. what results are' obtained- with constant - 
span loading, there is' also briefly investigated tho ef- 
foct of increasing the wing loading. at constant span. In 
changing the wing loadings, it may be' assumed in the com- 
putation that either tho tail surface .area remains constant 
or that the tail surface, and hence the. tail drag, varies 
in the same ratio as the wing area* In the latter case, 
the tail drag can bo taken into account simply by a corre- 
spondingly proportional increase in tho profilo drag coef- 
ficient. In the " following investigation in which only the 
profilo drag coefficient c vp is introduced, tho latter 
may be considorod as including tho tail drag. 

It is assumed in changing tho wing and tail aroas 
that no further drag and weight changes arise as a result 
of the change in wing loadins: i.e., that tho fuselage 
and nacollo drags, for example, are not nffoeted by 
changes in the wing area. This assumption holds truo with 
sufficient accuracy since tho volume of tho fuselago in 
tho rogion of the maximum thickness is determined by the 
required loads and only by changos in the fuBolage longth 
or tho int.orf orenco offoct botwoen fuselage and wings and 
by' changos in tho parts of tho nacelles projecting from 
the win^s are deviations in the drag possible. Tho lattor 
depend, however, to a largo extent on tho purpose of the 
airplano and aro very difficult to take into account in a 
general way.* Thoy aro generally Bmall in comparison with 
the total drag and moroover partly of opposite sign so 
that tho orror in tho final result may bo insignificant. 



*It is not entirely cloar, for oxamplo, whether a given 
engine nacelle produces a greater drag when mounted- on a 
deep or a narrow wing. The surface friction coefficient 
of tho engino nacelle will bo smaller in the caso of the 
deep wing bocause tho nacollo disappears farther into tho 
wing. This frictional drag, however, with the present- 
day nacelles const itutos only tho snallor portion, about 
30 porcont, of the total drag whereas tho ronaining prin- 
cipal portion is duo to the pressure drag, particularly by 
the disturbance of tho airfoil flow. How this prossuro 
drag changes with variation of tho wing chord is difficult 
to dotormlno because, whoroas in the caso of tho doop wing 
tho disturbing nacelle parts projecting from tho wing aro 
snallor, tho wing surface exposed to the flow is larger. 
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It was furthornoxo assumed that tho pr of ilordrag 
coefficiont was tho same , lndopondont of tho magnitude 
of tho wing loading, so that ho additional lossos ariso 
"by tho nounting of landing aids, as conparod with tho 
snooth wing. Vith clean streanlining, particularly with 
flaps having favorable hinge positions, as, for example, 
split flaps and Fowlor wings, this' roquirod condition 
should rondily ho realized. 

Tor tho dotorninat idn of the flight performance, par- 
ticularly that of maximum rate of climb, and those nagni- 
tudos doponding on it, as tino of climb and coiling, it is 
of considorahle importa'neo to know tho changes in tho 
gross woight of tho airplane as a result of a chango in 
tho wing loading and wing aspoct ratio. In order to do- 
tornino those changos in weight, a dotailod computation 
was carriod out which is presented in tho supplonont. 
At this point thoro will only bo pointed out tho results 
of tho computation which aro roprosonted in figure S. 
This chart shows tho relative chango of tho gross woight 
G'/G as a function of the wing loading, aspoct ratio, and 
span loading, G 1 being tho gross woight for an arbi- 
trarily chosen reference state (wing loading G/F = 100 
kg/m3 and wing aspoct ratio b 3 /F = 5). Various dogreos 
of fineness of wing structure and various sizes of the 
airplane were taken into account by the common parameter 
Gp'/G' which, for the reference stato k denotes the ratio 
of weight of wing to weight of airplane. The curves of 
figure 3 thus show at a glance the offect of the .weight of 
the wing for various wing sizes. 



C. CHARGE IN VING LOADING FOR DEFINITE ASPECT RATIOS 
I. Maximum and Cruising Speed 
1. Example 



Tho offect of a chango in wing loading on the maximum 
spoed will now bo considered with the aid of an oxample of 
a typical airplane of 8,000 kg gross weight,- engine powor 
2 x 1,000 hp., and having a maximum spood of about 450 km/h 
at 4 km altitude (fig. 4). If, for oqual aspect ratio. 
A = S, the wing loading is increased boyond that of tho 
initial loading of G/F = 140 kg/m 3 , tho maximum velocity 
at first increases appreciably, thon at a slowor rate, and 
finally at about 400 kg/m 3 the speed attains a maximum of 
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. about 480 km/h. On increasing the wing loading "beyond 
this limiting value , the maximum spaed again begins to 
drop.- ..... 

Ibis variation in. the maximum speed with change in 
ving loading -becomes understandable from a consideration 
of the distribution of the drag at .the various ving load- 
ings. Since with the initial loading of 140 kg/m 3 , the 
induced drag forms only a very small portion of the entire 
drag, a docreaBo in the ving area is at.. first followed by 
a strong decrease in tho profile drag whereas the 'increase 
in tho inducod drag is of secondary lmportanco. As tho 
ving loading is further increased, the inducod drag ap- 
proaches in value that of tho profile drag until, finally, 
at tho optimum condition tho inducod drag is equal to tho 
profile drag. From this point on, further reduction in 
tho ving causos tho. induc.ed drag to excood tho profile 
drag, so that the maximum spood again drops. This result 
vas considered first for constant gross airplane veight and 
secondly vith account taken of tho chango in veight by the 
various ving sizes (fig. 4). It is found that the trond 
of tho curve is essontially the same, so that in tho con- 
sideration of tho maximum spoed an approximate computation 
vith constant gross voight is sufficiently accurate for 
obtaining tho effect of the ving loading. 

In the case of the airplane considered above, the 
optimum of the ving loading is so flat that an increase 
in the ving loading up to the optimum value 1b not of ad- 
vantage. An increase, for example, in the ving loading 
from 100 to 200 kg/m a gives a maximum speed increase of 
10 percent; a further increase from 200 to 300 kg/m 3 gives 
a speed increase of only 3 percent and increasing the ving 
loading boyond 300 kg/m 3 to tho optimum value of 400 kg/m 3 
results in only a 0.6 percont further increase in the. max- 
imum spood* 

Tor tho airplane considered, it thus appears advan- 
tageous to dovolop tako-off and landing aids. that pormit 
a ving loading of 200 to 250 kg/m s . Tho gain in maximum 
spoed for equal propulsive povor as compared vith tho in- 
itial loading of 140 kg/m s amounts to about 27 km/h, cor- 
responding to a 6 percont incroaso over tho initial value. 



2. Optimum' Ving Loading for Hi.gh- Spood and Cruising Tlight 

The problom is nov to apply the results found in tho 
previous sootion for a particular case to arbitrary air- 
planes . 
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Tho abovo consldorat-ibns hold naturally not only, for 
tho flight at maximum spood hut are also- applicable to 
cruising spoods. In considering cruising flight, wo may 
substitute tho rango ratio in place of the spood ratio, 
sinco for oqual throttle sotting of the ongino an incroaso 
in tho speed by a definite amount rosults in a proportion- 
ate increase in. tho range. If, for oxomplo , thero is to 
ho dotorninod tho optimum wing loading for cruising flight, 
it is necossary noroly to substitute in the computation 
the ongino power corresponding to tho percent power rating 
usod for cruising and tho moan woight in flight. 

Trom the power equation for level flight: Useful 
propulsive power = power of parasite drag and profile drag 
plus power of induced drag: 

Hi m p Vmal3 \£j*jlL + 2xa] + J- /rJL^ £ _J_ (1) 
& 2 Vmax L & s/jJ \'pWp Tfflfll u; 

it follows that the principal /ariablos are tho power 
loading x\ N/(J and the parasite drag loading t VB */Gr if 
the altitudo, wing aspect ratio A - h 3 /P, and profilo 
drag coofficiont c W p aro .considered as previously as- 
signod constants. Differentiating the power equation with 
respect to G-/1T, there is ohtainod for constant gross 
weight, tho condition for optimum wing loading with 

9 T max 

8 &/r 



= 0: 



0/ P* 

' = °2 =y tt c wp A (2) 



p/2 v*a 

r ' max 



which is tho lift coofficiont of the wing at optimum G/T. 
(Magnitudes denotod by 41 refer to the condition with opti- 
mum wing loading.) 

This equation states that the wing loading in the 
most favorable caso may bo incrensod until the airplane 
flies at tho maximum spood with the indicatod lift coof- 
ficiont Tho lattor depends only on the profile-drag 
coefficient and on tho wing aspect ratio. It corresponds 
to the condition of bost L/D ratio as may bo shown by a 
simple computation. Thus, in tho polar diagram, it corre- 
sponds to the point of contact of tho tangent to tho wing 
polar (fig. 5). For this flight condition it is known 
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that. the induced drag is. equal to the profile- drag of the 
wing* 

The state at the optimum wing loading ia -thus, not ■•■ 

identical- with tho state of flattest glide of tho airplane 

"bocauso' tho lift coefficient- for tho optimum glide lies- 

always considerably highor- than the "value corresponding : tho 

to the maximum spood. This moans that if, for example, an 

airplane at any altitude flies vitn the host L/D ratio* 

that is tho state at which tho maximum oconomy- is attained 

for tho constant wing sizo, this state for tho flight 

speed under consideration is not tho most . economical if 

the wing sizo for equal aspect ratio may he considered as 

variablo. It would 'ho possible to -attain tho samo flight 

spood with loss propulsive powor. honco groator oconomy 

if tho wing aroa wore increased .to the extent indicated 

above. It may bo shown that tho ratio of tho propulsivo 

powor at tho best gliding anglo N E to tho propulsivo 

bost 

powor at tho optimum wing loading and equal flight spood 
N G/P* 18 Sivoa "by 

N fl/P* _ °wa'/ c ifT) + 2 J 1 + c ws'/ c wp~ e . | fwsVg (3) 
N *best ' 2(1 + c ws »/c wp ) ' CvS 

that is, at a ratio c ws '/ c wp = corresponding approxi- 

raatoly to a high-spcod airplane, tho propulsivo powor for 
oqual flight spoed could bo roduood by about 10 percent 
and thus the rango incroased by tho samo amount* 

Tho rosult may also bo expressed in a gonoral form, 
as follows: For a given flight spoed, the minimum power 
roquirononf is possossod by that airplane whose wing load- 
ing has tho valuo obtained from equation (2) 

G/P* = -I v* 3 ^* o wp A 

It is immatorial whethor tho airplane in question is of 
aerodynamically .high quality with small propulsivo power 
or an aorodynanicaliy poor airplane with correspondingly 
highor propulsivo powor. Por an airplano with 300 km/h 
maximum spood at 4 km altitude with a wing aspoct ratio 
of A = 8, an optimum wing loading will thoroforo bo ob- 
tained of 145 kg/n a , and on doubling tho spood at tho samo 
altitude a wing loading of 580 kg/n a . An increase in tho 
wing loading is thoroforo of particular advantago for high 
spoed airplanes while for slow airplanos no appreciable 
gain is to bo expoctod. 
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Tho abovo oquation -shows the offoct of tho density, 
aspect ratio, and profile drag on the optimum wing load- 
ing. For a practical application, however, it 1b of ad- 
vantage to know tho offoct of tho fundamental magnitudes 
of tho airplane design as powor loading and drag ratio* 
Figure 6 shows the results- of such a computation, tho op- 
timum wing loading G/P* boing plotted as a function of 
tho powor loading r\ H/ G and tho parasite drag to air- 
plane weight ratio fwa Tho chart was drawn for tho 
altitudo H = 4 km, tho profilo drag coefficient c wp = 
0.01, and tho aspect ratio A = 5. In order to ho able 
to use tho diagram, howovor, for arbitrary conditions, 
tho powor oquation was transformed with tho aid of coof- 
ficionts which woro dofinod as follows: 

ft = P - ft A - A - ft _ C "P 
P P4000* A ' A - 6'" C "P - c wp = 0.01 

Tho transformed power equation thon roads 

y\ N ftp P4000 / i/s _ 1/4 ^ i/4\3 

~ q 1 a °p "a n °w P ; 

c wp 



I 



ft, g/f 

^wp ' 



1 

/a ni l/4 n . l/4 



" P4000 A = 5 P v maI ftp 1/3 n A 1/4 £. Pwp 



"rfritton in tho above mannor, it may bo Boon that tho char 
may bo nado generally applicable if tho following ficti- 
tious constants are introduced: 

IT ft ft 3/ '* 

Pictitious powor loading - P. A 

& "c wp l/4 

Fictitious paraaito drag ratio f WB x l/ft Cw p 

i/a _ 1/4 . 

Fictitious maximum spood "' - maac "p ft/^ ^Cwp 
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From the diagram on figuro 6, it .1? -therefore pos- 
sible to road off for any airplane tho optimum wing load- 
ing undor tho flight conditions undor consideration. It 
is soon that tho optimum wing loading is groator tho 
groator tho ratio of propulsive powor.to airplane woight 
for equal fwe 1 / 0 or tl10 S^oator the aerodynamic offi- 
cioncy of tho airplane for oqual x\ N/G* i.o., tho smallor 
fws'/G. 

On tho soma diagram, drawn- to .roducod scalo in fig- 
uro 7, aro indlcatod for a numb or of recent airplanos the 
power loadings and drag ratios for full powor flight at 
critical altitudo, the aspect ratios of tho various typos 
boing hold constant. For those airplanos, the optimum 
wing loading ■ increases up to values of about 400 kg/m a 
and tonds to still larger values with further aorodynanio 
rofinonont. Since wing loadings of this order of magni- 
tude show small proniso of realization in the noar future 
and aoroovor tho optimum of the maximum spood is extronoly 
flat (see sanplo computation, fig. 4), tho next stop is 
tho investigation of tho problem of how much may tho wing 
loading bo roducod with rcspoct to tho optimum valuo and 
still not porr.it the loss in spood to oxceod 1 or 2 por- 
c cnt . 

3. Win.;; Loading Allowing for a Dof inite Loss, in Spocd 

Lot tho powor oquations for a dofinito airplane cor- 
responding to an arbitrary wing loading G/F and to the 
optimu- wing loading G/F* bo subtracted, kooping tho 
t v:iluo8 ti N/G and f w8 '/° unchangod. 

Thoro is thon obtainod tho relation . 

&/F* = | v*VttA c wp 
which, aftor some transf ornations , becomes 
G/F T nni 



G/F* v na:K * 



2 \ .Tnax ' 



/«" 1 + £ (\ v nax 3 \T _ T nax 
L 2 V. v*g x /J v anx * 



(4a) 



whero E is tho ratio of tho parasite drag to the profile 
drag at constant wing loading: 
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K = c WB '/c wp = f VB »/& O/S 1 * l/c wp (4b) 

The parameter K is easily determined for each airplane 
since the optimum wing loading is to "be considered as 
known from figure 6. 

The above relation "between the decrease in wing load- 
ing and decrease in spaed is plotted in figure 8. Tho 
sensitivity of each of the types with respect to deviations 
from tho optimum wing loading may ho soon to vary greatly* 
It is groator tho smallor the valuo of the paramoter 
^ws'/G G/B 1 * l/c W p. How will this sonsitivity to tho propor 
choico of the wing loading chango with the furthor develop- 
ment of airplanes? To answor this quostion, it is conven- 
ient to transform this paramoter somewhat. "rfith the rela- 



tion G/3F* = £ v* a y-n c w .d A and tho fact that at the 
' g max "Jf 

optimum wing loading tho induced drag is equal to the 

profile drag of tho wing (soo soc. CI2) the expression 

for the paramctor K, making uso of the powor equation, 
may he transformed into the following: 




£ x /tt_A_ _ ti H/G fiTR 
2 J °wp ~ Vmax*y c wp 



a max 



(5) 



If tho maximum speed therefore, for equal aerodynamic ef- 
ficiency and oqual altitude, is increased by increasing 
tho propulsive powor, tho valuo of K incroasos, i.e., tho 
effoct of tho optimum choico of wing loading bocomcs loss. 
If, howover, the maximum speed for oqual propulsivo power 
is incroasod through improvonent in tho aerodynamic effi- 
ciency or through incroasing tho altitudo, the value of K 
becomes less, so that the sonsitivity of the airplane with 
respoct to tho proper choice of tho wing loading becomos 
greater. In futuro dovolopment, howovor, we may oxpoct a 
furthor rofinoment in tho aerodynamic design as woll as an 
increase in the flight altitudo so that the point of view 
of suitablo choico of wing loading will gain in importance. 

For tho airplanes of 1935 to 1937, the possiblo gain 
in maximum speed by increaso in tho wing loading amounts, 
according to figuro 9, to as much as 10 porcont. Tor tho 
typos Pw 200 and Ho 70, an incroaso in tho wing loading 
thus appears to be of particular advantage, wheroas for 
tho typos Ju 86, Do 17, and Ha 139 (twin-float seaplane) 
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any further incroaso in ■ tho wing loading abovo .the pros-, 
ont values at "Constant' aspoct ratio- proni'sos no approciahlo 
gain. Sunnarising, wo nay thorof-oro say: Through an in- 
croaso in tho wing loading abovo tho prosont values in 
tho caso of high.-spood ;airplanos , particularly airplanos 
of high aorpdynanic efficiency, a considerable gain in 
spood is attainable In the caso of low-spood airplanos, 
howoror, tho possible gain in speed through an incroaso in 
wing loading is snail. 



4. Effect of tho Aspoot Eatio 

Tho above considerations hold for tho particular caso 
whoro tho wing aspect ratio ror.ains constant as tho wing 
loading is increased. Since with increased wing" loading, 
howovor, the inducod drag boeonos of increasingly groator 
inportanco and tho optinun is finally doterninod by tho 
interrelation botwoon the inducod and profile dragB, it 
appears advantageous to incroaso tho aspoet ratio with in- 
creasing wing loading. As fellows, howovor, fron consid- 
erations of the optinun lift coefficient, tho optinun wing 
loading, with increasing aspoct ratio, is Bhiftod toward 
higher values so that it boconos increasingly difficult 
to rcalizo the optinun wing loading in practice On tho 
other hand, for the sane area, tho weight of tho wing in- 
croasos with increasing aspoct ratio, so that tho possible 
gain is again reduced. 

In order to bring out tho relations noro clearly, 
thoro ha3 boon plottod on figure 10 the ratio of tho nai- 
inun spood at oach optinun wing loading for various aspect 
ratios. Tho change in tho weight of tho wing was ostinatod 
fron tho approxinato rolations of figuro 3 first for a wing 
weight of 14 porcent of tho total at tho initial condition. 
Tho rosults woro thon applied to different wing woights 
in tho following nnnner: 

Figuro 3 nay be applied to arbitrary wing woights by 
a simple shifting of tho reforonco point. Denoting the 
wing loading at = 0.14 by (&/P)' 0 and tho corre- 

sponding flight woight ratio by (0'/G) 0 , then for any 
ratio ka(8/l') 0 thoro corresponds tho flight woight ratio 
ki ( Or' 1 J d) 0 whoro tho factors ki and k 3 ■ aro' constants 
for oach wing weight, tho valuos of which nay bo' takon 
fron figuro 3. Tho powor equation thon reads 
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or 



f ry IT l ;i \ / G_^\ = £ / vmax \ 3 




The application to different wing weights can therefore 
"be made by introducing the following fictitious charac- 
teristics: 



It is to "be noted in conclusion that tho results ac- 
cording to the above equation are first obtained as a func- 
tion of the wing loading (G/p) 0 , so that tho computed 
wing loadings . (G/P) 0 must he convortod into tho actual 
values with tho aid of tho relation G/P = k a (G/P) Q . The" 
transformations described abovo can he carriod out in a 
simplo manner hy a change in scalo as shown, for example, 
in figuro 10. 

It may ho soon that the airplanos with large propul- 
sive powor, that is, for example, racing pianos, pursuit 
pianos, high-spo.od planes of small useful load and rango, 
with a powor loading of moro than 0.2 to 0.4 hp. /kg aro 
very unsonsitivo with rospoct to a change in tho choice of 
aspoct ratio. In tho- case of low-powored airplanes, how- 
over, as, for oxample, the recent high-speed transport 
pianos of the typo Pw 200 or tho Douglas DC4 with a valuo 
of n If/ G of about 0.1 hp. /kg and loss in cruising flight, 
or in caso of long-range airplanes with powor loadings as 



Power loading ti N kj. / ^/kg" 
Parasite drag ratio t VB l /& 1 ki k 



a 
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low as 0.05 hp/kg, a considerable gain is' attainable 
through lnoroaao In tho aspoot ratio which continues oven 
beyond aspect ratios of 15. She increase in spood thus 
gainod is tho more marked tho greater the aorodynamic ef- 
ficiency of the airplane. 

On consideration of figuro 10, it is to bo observed, 
howcTor, that to a high aspoct ratio thoro nocossarily 
corresponds a high wing loading. It will thoroforo become 
increasingly difficult at high aspoct ratios actually to 
attain the abovo spood gain. These relations will bo brought 
out in the following for two airplano typos, a moderate 
rango high-spood airplano and a long-rango high-spood air- 
plane. 

a) Modorato ran, re air-piano. - On figuro 11 is shown tho 
offoct of aapqct ratio and wing loading on tho maximum 
spood for an airplano of 8,000 kg gross woight with two 
onginoa of 1,000 hp. developing at 4 km altitude a maximum 
speod of about 450 km/h. With tho prosent wing loadings 
of about 150 kg/m a , it is quite innatorial within wido 
limits what aspect ratio is choson. Only with furthor in- 
croaso in the wing loading to 200 and 300 kg/m 3 is thero a 
slight &ispln.concnt of tho optimum aspect ratio toward val- 
uos of A = 10. Tor tho airplano under consideration, it 
is thoroforo of advantage to strivo for wing loadings of 
tho order of magnitudo of 200 to 300 kg/m s at an aspect 
ratio of 9. 

b) lonr-ro.nr.e hifJi-STiood airplano b. - Tor a dofinitcly 
long-rango airplano of" about 20,000 kg gross woight with 

4 onginoa of 720 hp. oach, which at 6 km altitudo at 60 
percont ratod powor dovolop a cruising speed of 360 km/h 
(maximum speod at 6 km altitudo 430 km/h), figure 12 shows 
tho corresponding relations. ?or this airplano, tho at- 
tainable wing aspoct ratio is of prime importaneo. In or- 
dor to bo ablo to utllizo wing loadings of tho ordor of 
magnitudo of 200 kg/m a , which atill givos a considorablo 
gain in tho maximum spood, tho wing aspoct ratio must bo ' 
raiacd at locst to the valuo 12. ■ 

To attain tho maximum economy in CTuising flight for 
this airplano wing loadings of 200 kg/m 3 with aspect 
ratios of about 12 should bo strivon for. 
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5. Effect of Profile-Drag Coefficient 

In the relations given above, various profile-drag 
coefficients are included in the coefficients CI n • In 

ordor to bring out this effect more clearly, thore was 
investigated for a typical medium-range high-speed air- 
piano the dopondence of the optimum wing loading on tho 
profilo-drag coefficient. It was found that the' gain 
through incroase in the wing loading was smaller the 
lower the drag coefficient of the wing. On improving tho 
profilo drag coefficient, for example, from 0.01 to 0.006 
corresponding to the puro frictional drag of aerodynam- 
ically smooth surfaces, the wing loadings may he made 
about 18 porcont lowor with oqual approximation to' tho 
optinum valuo. 

At unusually high drag coefficients of, for oxamplo, 
0.15, such as occur for suction wings with largo thickness 
ratios, a furthor incroaso in the wing loading by 18 per- 
cont over tho values at c V p = 0.01 is still of advantage. 

6. Effect of Altitude 

From tho equation for tho optimum wing loading 

= f <L A c wp A 

it follows immediately that for equal maximum speed the 
loading varies in proportion to tho air donsity. Thus, on 
incroasing the altitudo, for examplo, from 3 to 13 km, tho 
optimum win*; loading drops to about one-third of the origi- 
nal valuo. 

Tho abovo rolatlon is shown graphically on figure 13 
for a typical modium-rango airplano with aspect ratio 
A = 8. With incroaso in the altitude, it has boon assumod 
for simplicity that tho weight of tho powor plant unit 
and the frontal drag do not incroaso with incroasing alti- 
tudo as is actually tho caso on passing to vory high alti- 
tudos. Through tho neglect of those changes, the spoods 
of the high altitudo airplanos aro overestimated as con- 
parod with tho low-flying airplanes, so that the docreaso 
in tho optimum wing loading with altitudo is actually oven 
stronger. On increasing tho altitudo of this airplano 
from ground lcvol to 8 km, the optinum wing loading drops 
to 70 porcont and at 16 kn altitudo which corresponds 
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npproxinatoly to tho Uniting critical altitudo attainablo 
w.ith oxhaus.t...turbino drivo, tho wing loading drops to ovon 
40 porcont of tho ground lovol value. Vltti . this - typo of 
alrplano (nodiun-rango high-spood airplono) , it is thoro- 
foro dosirablo at alt itudos . of about 4 kn to havo wing 
loadings of about 2Q0 kg/n a , sinco a furthor incroaso givos 
only vory slight inprovonent in tho performance At alti- 
tudos of about 16 kn there is hardly any justification for 
carrying tho wing loading boyond 120 kg/n. . -Evon with a 
sinultanoous incroaso in tho aspoct ratio fron 8 to 12, it 
would bo of no advantago abovo 16 kn altitudo to go boyond 
wing loadings of 150 kg/n a . 

In order to bo able to estinato fron this figuro tho 
possibilities for dovolopnont by .rof inonont in tho aorody- 
nanic design of tho airplane, another conputation was car- 
ried out in which tho parasito drag f WB 1 was roducod to 
half the valno and tho profile drag coefficiont to tho 
value c W p = 0.06 corresponding approxinatoly to tho 
lowor Uniting values for the caso cf conplotoly snooth 
surfacos with freodon fron flow soparation. It nay be 
soon that by this aorodynanic rofincnont tho ontiro dia/iran 
is shiftod to loadings of about 20 porcont higher valuos. 
Fron this plot it clearly appears that at high altitudes 
tho airplano is considerably noro eensitivo to tho optinun 
choice of the wing loading tha:: at low altitudes as was 
alroady concludod fron tho cons idorations in section 013 
for low-poworcd airplano a. 

II. Eato of Clinb 

Tho naximin rato of clinb wasvithin rostrlctod linits 
investigated in tho sane nannor as tho naxinun speed* sinco 
tho clinb rato of tho airplane is also of inportanco and 
noroovor nay bo considored as a neasuro for the longth of 
tako-off run and coiling altitudo. 

1. Sxanplo 

Figuro 14 shows the naxinun rato of clinb at 4 kn 
altitudo plotted as a function of tho wing loading at equal 
aspoct ratio for tho sano airplano usod in investigating 
tho offoct of tho wing loading on tho naxinun spood. The 
naxinun rate of clinb was takon to bo that which for tho 
bo-st glide anglo is obtalnod as tho difforonco of tho 
thrust horizontal spood and the sinking speed w a . 

If the chango in the gross weight with change in wing 
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loading is at first. negloctod (dottod curves) tho rate of 
climb docroases continuously with increasing wine loading 
up to w = 0. On taking tho change in woight into account, 
however, tho curvo obtainod- is fundanentally difforent. 
Tho combination of tho effocts of increased woight and do- 
croasocl sinking velocity loads to a flat maximum at about 
G/P = 100 kg/n S . 

2. Optinun Wing Loading for Climbing Plight 

Por tho determination of tho optimum wing loading in 
climb, it is not permissible, according to the above sample 
computation, to make tho simplifying assumption, as was 
done in investigating the maximum speed, that the gross 
weight to a first approximation may be considered constant. 
By taking account of the complicated relations between 
wing woight and wing loading and aspoct ratio, tho solu- 
tion of tho problem can bo found only graphically. 

In agroonont with tho performance computation of 
Schrcnk (roforenco 8 ), it was found that tho maximum climb 
speed is that evaluated at tho optimum L/D of tho air- 
piano ■ 

Splitting tho frontal drag coefficient c WB into tho 
two components of profile drag coofficiont c W p and para- 
site drag coofficiont c ws 1 , thoro is obtainod for tho 
sinking spood w at the best L/D ratio 

s best VttA/ \p/2/ \ G' G P wp / 

With tho horizontal propulsive velocity Wj, = r\ H/G = 

r\ N/G* G t /(ff the climb speed at best glide angle is then 

t) H &« / 1 \ 3 ' 4 / &/P \ l/a /f ws » G« G \ l/4 fc . 

Tho above oquation is now ovaluatod for various wing 
loadings and tho optimum value G/P* of the wing loading 
dotorminod by graphical mothods. As the roforonco gross 
woight G 1 , thero was here tokon the woight at the aspoct 
ratio A= 5 and wing loading G/p' = 100 kg/m a . Piguro 
15 gives the results of the graphical computations for tho 
optimum wing loadings G/P* and tho optimum climb spoods 
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w nai * for tho aspect ratio A = 5 as a function of tho 
two principal paramotore J y\ H/G» - and .£ WB '/fl? 0?ho alti- 
tudo was taken as 4,000 motors and the profile drag coof- 
ficiont of tho wing as c W p = 0.013 corresponding to tho 
avorago valuoB in climbing flight. 

In-ordor to nako tho abovo diagram applicable also 
to arbitrary altitudes and profilo drag oooff ioionts , 
equation (6) was transformed with tho aid of tho cooffi- 

cionts n Q = — 2 — and = ° V P — into tho fol- 

p P4000 wp c wp ■ 0.012 

lowing form 



v/ 



'W 4 a ' 0 




x c »" , y /a ( h*L -±- 21 1 ♦ c wp y" 4 

^pTZ^JZ' ^ »' fife 01 wp o.om^ 

4000 ^wp 



tfritton in the abovo manner, it may bo soon that tho 
curves may bo immediately made generally applicable on in- 
troducing tho following fictitious coefficients: 

Powor loading 




Parasito drag loading f ws '/ GI ^V^c 
Maximum rate of climb w* — 



X/4 



By a simple change of scalo differont ratios of wing 
woight to total weight at tho initial condition (A 1 = 5, 
O/P* = 100 kg/m a ) may bo obtained fron the rolations of 
figure 3. In agroencnt with the results of tho rolations 
for high spood, tho optimum wing loadings corresponding 
to clinb incroase with incroaso in tho powor loading 
H 2T/G-* and aorodynamic officioncy, i.e., tho smaller 
fyg'/tJ' incroasb in profilo drag coofficiont c wp docroaso 
in altitudo and incroaso in ratio of wing woight tu total 
woight. It is to bo notod that the optimum wing loadings 
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for climb are in general only a fraction of the optimum 
wing loadings for high speed flight. 

3. Effect -of Aspect Ratio 

Figure 15 for the determination of the optimum wing 
loading is valid only for the aspect ratio A = 5. Com- 
putation for arbitrary wing aspect ratios in the range 
between 3 and 15 gave the rosult that to an accuracy of 
2 porcont tho following rulo may be appliod for convorsion 
to any aspect ratios 

that is, an increase in tho aspoct rr.tio to double the 
valuo rosult a in an incraasa in tho optimum wing loading 
to double tho original valuo. Clio corresponding displace- 
monts of the maximum rate of climb at the optimum wing 
loadings nro plotted in figuro IS as a function of tho 
aspoct ratio. The difforonccs at optimum wing loading arc 
only small, being of the 'order of magnitude of 0.5 m/s. 
With respect to the rate of climb, it is therefore prac- 
tically immaterial what aspoct ratio is chosen, provided 
that caro is taken to see that the optimum wing loading is 
roalizod with this aspect ratio. It may be rcmarkod fur- 
ther that tho optimum of tho rato of climb is not obtained 
at about the samo span loading G/b a but with increasing 
power loading tends toward smaller valuos of the span load- 
ing. 

Tho effect of a change in aspect ratio on tho rato of 
climb is thus mainly to shift tho optimum of tho rate of 
climb toward tho region of wing loadings which had been 
found to bo favorablo for the optimum maximum spood, l.o. t 
in general toward higher values. 

4. Losses in Climb Performance through Deviations 

from the Optimum Wing Loading 

Sinco it will not be possible in practico generally 
to attain tho optimum wing loadings with rospoct to climb, 
tho question is hero investigated: namoly, what losses in 
the rato of climb will "bo incurred by dofinite deviations 
from the optimum wing loading. Sinco it is usually suffi- 
cient to bo ablo to ostimato the losses in rate of climb 
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only "approximately, genorally applicable noon curvos vore 
worked out -for- the variation, .of- rate of clinli with, wing 
loading. These mean" curve 8 (fig. 1?) apply accurately -to 
parasite drag ratios of fwa/*, 1 » 0*1 * lO" 3 n s /kg, as- 
pect ratios of A = 8 and wing weight ratios of Gjr'/ G*' = 
0.14. For airplanes with considerably deviating charac- 
teristics! a maximum error of ±4 poTcont in 'the rate of 
clinb was pernittod' through this sinplif lcation for the 
cnsQ that the wing loading was changod to half or double 
tho valuo of tho optinun wing loading. 

Parallel with tho considerations on tho naxinun spood, 
tho rate of clinb Is found to bo tho more Bonsitivo to tho 
propor choice of tho wing loading tho snallor T| N/G 1 . ■ 

5. Conparison of the Optinun with tho 

Dcsignod Wing Loadings of Present-Day Airplanos 

In prosont-day airplanes, optimum wing loadings for 
climb, according to figuro 15, aro of tho ordor of magni- 
tude) of 60 to 80 kg/m 3 , so that in general tho airplanos 
hnvo already oxcoodod tho wing loading optimum and with 
further increase in tho wing loading the rato of climb 
and thoroforo also tho tako-off and coiling will nocos- 
sarily be impaired. This tendoncy is still moro cloarly 
indicated in figuro 17 which shows the ratio of the rato 
of climb to tho optimum obtainablo as a function of tho 
wing loading and holds for all aspoct ratios. Vith .tho 
excoption of the Pw 200, which, on account of its high as- 
pect ratio, doviatos from tho othor typos, all the air- 
planos shown have already oxcoedod tho optimum wing load- 
ing up to about 1.6 times the amount. 



D. CEAUGES IN WING LOADING AT DEFINITE . SPAN LOADINGS 



Having investigated the offect of the wing loading 
at equal aspect ratio, let us now briefly consider the 
results obtained if the assumption of constant span in- 
stead of constant aspect ratio is made. By introduction of 
this parameter, tho results alroady obtainod on tho assump- 
tion of constant aspoct rat'lo are not naturally extendod 
in any diroction but a somewhat differont prosontatlon is 
obtained of tho same relations. 
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tfhon tho win.fi aroa is roducod, with, tho span constant, 
tho profilo drag on tho ono hand decroasos whilo tho in- 
ducod drag for constant flight spood romains tho samo if 
tho changos in weight resulting from tho chango in wing 
dimensions aro noglectod. Tho optimum wing loading for 
this caso is therefore obtained for an infinitoly largo 
loadings i.o., whon tho wing at constant span shrinks to 
a lifting lino. 

If tho changos -in waight aro takon into account , how- 
over, tho optimum wing loading is shifted toward tho rogion 
of finite wing loading. From the sample computation on 
figuros 4 and 14, it can ho concludod that tho ossontial 
character of tho curve of maximum spoed is only slightly 
affoctod by tho changes in weight, so that, in agrooncnt 
with tho provious .investigations of tho offoct of tho wing 
loading on the maximum speod, tho computation based on tho 
assumption of constant gross weight of airplane is suffi- 
cient . 

I. Maximum and Cruising SpoodB 

1. Limiting Speed for driven Span Loading 

The power oquation (-1) is transformed so that, in- 
stead of tho aspect ratio, the span loading G/b 3 appears, 
as follows: 

n H ^ fws 1 c wl3 x p 3 2 ^_&_\ 1 
~T = + TftJ 2 VmaX \pU^ v ma3C 

The maximum speed v ma ^* of an airplane with given wing 

loading therefore occurs for S/lP >-oo and is determined 

by the following equation: 

n S P , *s f ws 1 + J_ 2_ _± 

G = 3 G wpl 3 v aox * 

Tho abovo oquation was first solved for the altitude H = 
4 km and a cortain initial span loading G/b 3 = 20 kg/m 3 
and tho results generalized with aid of the coefficients 

o G/b 3 
£lp = — c — and fJ(j/-b3 = . In a general form, 

P4000 ( G /fc a )ao 

the powor oquation may bo wrltton as follows: 
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The rosults of this computation aro prosontod in figure 
18, which shows tho Uniting spood v max * as a function 
of tho powor loading r\ H/G and parasite drag ratio 
f Vf8 '/G at infinitely largo wing loading. Shis limiting 
spood is naturally greater tho groator tho powor loading 
and tho snallor the parasite drag of tho airplane. 

2. Wing Loadings with Certain Lossos in Speed 

The maximum speed v Bax * at infinitely large wing 

loading is in general of slight significance. Much more 
important is the question; Up to what values is it neces- 
sary to increase the wing loading to obtain a given por- 
cent of the optimum spood, say, for example, 98, kooping 
tho span constant. Assuming for this purpose that the 
wing loading is to be doterminod for a given degree of 
approximation to tho optimum value v ma3C / v mn ,x* • the powor 
aquation for this condition becomos 



— - £ f ws' « /Jmax V s 
G " 2 G nai U max * J 

M f ws f /0 + c WJL /G/3F 2 G. 1 v max < 



fws'/G tt p b v max * v max 

= W * f ws'/ & + ■°wp/ & / ]l Y T nax \ 3 | y „ v max* 
8 fws'/S ^ T nax*' 1 v max 



whoro 



W s * is frontal drag for infinitely large wing load- 
ing. 

WjL*. induced drag for infinitely large wing loading. 
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Subtracting from' the above equation the corresponding re- 
lation for infinitely large wing lbading n l/G b V b * + 
W^*,. we obtain, after somo transf ormationi - 

° W p = »!•/•.• U ~ " (v mai /v fflaI *)3 + 1 

Tho parameter Wi*/V a * in the above oquatlon, i.e., the 

ratio of tho induced drag to tho frontal drag at given 
span loading and infinlto wing loading is known for a def- 
inite airplano from equation (7) and for rapid computation 
has boon plottod in figure 18 as a function of the powor 
loading and parasito drag ratio. 

The evaluation of oquation (8) is shown in figure 19. 
Tho doviation of tho curvos from ono another aro oxtronoly 
snail within tho practical range. Assuming WjL*/W 8 * = 0.02 
as lowar limit and 0.4 as uppor limit, a mean curve may bo 
used with sufficient accuracy. Prom this a simple rolation 
is ohtainodi which shows directly the loss in maximum speod 
with roBpoct to the maximum value v nax * as a function of 
the wing loading (fig. 20). 

Thorc aro thus confirmed tho results obtained in sec- 
tion GI2 and CI3: namoly, that high wing loadings must bo 
sought particularly for aorodynonically high quality air- 
pianos, whorcas for aero dynamic ally loss officiont air- 
pianos tho attainable gain through increase in tho wing 
loading at constant span remains small. Those curvos are 
with good approximation practically indopendent of tho 
span loading choocn so that in tho simplest manner thoy 
quickly show tho possible gain through increase in the wing 
loading. 

With the exception of this lattor (fig. 20) tho fore- 
going dorivod rolations hold only for tho case where tho 
span loading romains constant. Tho quostion thon arises 
whether this accidental span loading is also the optimum 
for tho stato of flight considorod. This question corre- 
sponds, howovor, to that with regard to the optimum aspect 
ratio, discussed in dotail in soction CI4, to which the 
rcador may thorbforo be referred. 
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D. APPLICATIOH OT IP HE RELATIONS DEBITED TO TABIOUS AIEPJiAHES 



She above considerations have shown that the naxicun 
speed on the one hand and the rate of clinb» ceiling, and 
take-off on the other inpoSo entirely difforont require- 
nonts on the wing sizo and shape. Eor any particular caso 
therefore, an optinun conpronise solution anong tho contra- 
dicting roquirononts nust he found. In what follows tho 
combined ef foots of wing loading and aspect ratio on tho 
naxinun and. cruising spoods and rate of clinb will he 
"brought out for sevoral typical airplanos: namely, a long- 
range high-speed airplane, a medlun-rango high-speed air- 
plane, and a short-range high-spood airplane. For a com- 
plete discussion, it would naturally bo nocossary to carry 
out the investigation for different altitudes. Tor simplic- 
ity, howover, this was not done and tho relations only in- 
vestigated for the most important oporating altitudos. 

I. Dotorninati on of tho Charactoris tics of Typical Airplanes 

Figaro 21 shows tho nost inportant dosign magnitudes: 
namely, tho powor loading j\ IT/G, and parasito drag ratio 
f VB '/G for a fow typos of tho yoars 1935 to 1937. It nay 

"bo ronarkod that in spite of tho strongly varied powor 
loadlnj tho lower limit of tho parasite drag ratio fluctu- 
ates about the value 0.1 x 10~ 3 m 3 /kg. A further investiga- 
tion with regard to the drag distribution of the nost im- 
portant airplanes considered gave tho result that only 
about 50 percent of the entire drag is due to surface fric- 
tion on smooth surfacos while tho rest is to be ascribed 
to disturbances in tho flow by separation, intorf or onco , 
and roughness. It may ' thoref ore be 'concluded that with in- 
creasing rofinoment in aoro dynamical shape tho parasite 
drag ratio of airplanos will tend toward a value of about 
0.07 X 10~ 3 ms/kg. This value was mado tho basis for the 
wing-loading investigations for all tho typos of airplanes 
invostigatod. 

The powor loadings wore takon to bo tho following: 
Long-rango high-spood ■ airplanos : 

ti N/a = 0.1 hp. /kg or G/W = 8 kg/hp. 
Modium-rango airplanos: 

.- = 0.18 hp. /kg or G/lI = 4.5 kg/hp. 
Short-range airplano: 

= 0.35 hp. /kg or G/N » 2.3 kg/hp. 



26 



H.A.CA. Technical Memorandum Ho* 925 



The relations "between the wing loading and the aspect 
ratio, on the one hand, and the flight performances were 
obtained from figures 3, 6, 8, 15, 16, and 17. 

" II. Long-Hange Airplane 

(n N/G = 0.1 hp /kg, f w8 '/(} = 0.07 X 10" 3 n a /kg cruising 
flight with 60 percont throttling of tho engines and mean 
weight in flight &m = 0.8 G) 

The airplano under consideration has a weight of 32 
tons, a ratod engine powor of 4 X 1,000 hp. and develops 
at 6 km altitude with G/l =140 kg/m 3 and A = 8 at 60 
porcont of the ratod powor of tho engine in cruising flight 
a cruising spood of 320 kn/h (maximum speed at 6 km alti- 
tudo 400 kn/h). Assuming a fuel load of 40 percent of the 
total weight, we may considor tho flying weight to ho 0.8 
timos the take-off weight. 

Figure 22 shows for this airplano, tho moan cruising 
speed (at 0.8 tako-off weight, and 0.6 rated powor) and 
tho climbing speed at zero altitudo with full power in 
take-off as a function of the tako-off wing loading and 
the aspoct ratio. If the tako-off is not taken into con- 
sideration, since with those airplanes take-off aids may 
always bo assunod, it may be soon from figure 22 that tho 
wing should bo givon an aspoct ratio of 12 and a take-off 
wing loading of 200 kg/m 3 . As compared with the wing load- 
ing of 140 kg/n 3 with optimum aspoct ratio, there would 
thoroby bo obtained a cruis ing-spood gain and honco an in- 
crease in rango of about 5 to 6 percont. 

Since, in landing, a decreaso to about 60 percent of 
tho take-off weight may bo assumed, that is, 'for landing 
wing loadings of only 120 kg/n 3 aro encountered, no par- 
ticular problon is offorod in landing with normal wing 
flaps. In order to assuro the low wing loading of 120 kg/n 3 
also in forced landing, tho airplanes aro to bo provided 
with qulck-roloase appliancos for the fuol. 

III. Modiun-Eango Airplano 

(n H/G = 0.18 hp. /kg, f W s'/ G = 0.07- x 10" 3 n 3 /kg. Cruis-- 
ing with 80 percent rated power and moan flying woight 
Gfc = 0.85 G) 

Tho airplane under consideration has, for example, a 
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flying woight of 9,000 kg, a ratod engine povor of 2 X 
1,000 hp., and dovolops at 6 kn altitude, with G-/P = 
140 kg/n^ and A = 7, a ' naxinun 'spoed of- 500-kn/h. . Por_ 
this airplane type, thoro was asBunod a nean gross woight 
85 percent of the tako-off voight and a povor of 80 por- 
cont corrosponding to the nean of high spood and cruising 
flight. The rato of clinb vas conputed for the ground vith 
full throttle at tako-off woight bo as to obtain a noasuro 
of tho tako-off ability (fig. 23). According to tho lat- 
ter, it is of advantage with rospoct to high speed and 
cruising flight to obtain wing loadings of 250 kg/n 3 at 
aspoct ratios of 8 to 10. Tho gain in spood as- conparod 
with tho wing loading of 140 kg/n a and optinun aspoct ratio 
would thon anount to about 8 porcont. 

Assuning for 'the landing, consarvativoly ostinatod, 
a docroaso in spood of 20 porcont, tho wing loading In 
landing would bo about 200 kg/n3. At a landing spood of 
about 120 kn/h, which nay bo lookod upon at tho proscnt 
tir.o as a reasonable value, tho lift coefficiont of tho 
wing would thon bo 2.85. Maxinun lift coof f icionts of 
this ordor of nagnitudo hardly offer any difficulties on 
tho acrodynanic side* 

Sinco it nust also bo roquirod of airplanes of this 
application group that thoy have a sufficiently short tako- 
off on thoir own powor, an approximate conputation was 
nado for the tako-off run. At a tako-off power boost of 
the engines by about 10 to 20 porcont tako-off runs of tho 
ordor of 600 n to 20 n altitudo aro obtainable with flaps. 
Caro nust bo takon to boo, however, that tho flaps are sot 
so that tho snail profilo drag coofflcionts are obtained 
in spito of high lift coefficients of about 2.6. 

IV. Short-Bango High-Speed Airplanos 

(n U/G = 0.35 hp. /kg, f wfl i/& = 0.07 x 10- 3 na/kg, full- 
power flight with naxinun gross weight) 

As typical short-range high-spood airplane, thoro 
was takon an airplano of 2,300 kg grosB woight and rated 
powor of 1,000 hp. Tho naxinun spood and tho rato of 
clinb to 5 kn altitudo wore considorod for full-powor 
flight at naxinun woight, Binco tho change in woight dur- 
ing fl.ight is in genoral very snail* 

Jiguro 24 shows that a considerable increase in the 
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maximum speed- is attainable through an Increase in the 
wing loading up to values of 300 kg/m a , the aspect ratio 
being only of secondary importance. The maximum rate of 
climb for the aspect ratios investigated is about the 
same; after exceeding the maximum value the rata of climb 
rapidly decreases. 

An increase in the wing loading up to 250 to 300 kg/m 3 
should thoroforo be accompanied by a simultaneous incroaso 
in tho aspoct ratio in order that a favorable compromise 
solution may bo possiblo botwoon tho maximum speod and tho 
climbing ability. A dosirablo wine sizo should therofore 
be that for a wing loading of 250 to 300 kg/n 3 at an as- 
pect ratio of about 10. . The gain in maximum speod as com- 
pared with G/r = 140 kg/m a amounts to from 8 to 10 por- 
cont for about tho same rate of climb of tho airplane. 

Por the landing of thoso airplanes, only a vory small 
docroaso in gross weight of about 10 porcont of the tako- 
off weight may bo assumod, so that tho problom of safo 
landing must bo fully confronted. At a landing speod of 
120 km/h, thoro must thus bo available maximum lift coef- 
ficients of 3.2 to 3.9. 

The take-off run of these highly loaded airplanes, on 
account of the vory largo powor oxcoss, is still of tho 
order of 600 motors to attain 20 motors altitude, so that 
from this aspect a sufficient take-off is assurod also 
without particular take-off aids. 

V. General Viowpoints for Wing Loading Incroasos for 

Airplano Types Considorod 

In incroasing the wing loading on tho airplanes con- 
sidorod tho gcnoral characteristic appoarod that tho wing 
loading incrcasos are of advantago only with a simultane- 
ous increase in the aspect ratio, both as rogards increas- 
ing tho maximum speed and obtaining a favorable compromise 
solution between high speed and climbing speed. This tend- 
ency is also favored by the fact that the sinking velocity 
in landing may be kept within normal limits at high aspect 
rati os . 

In general, it will be difficult in such groatly re- 
duced wings to carry loads such as, for example, fuol, 
retractable landing gear for the single seator, etc., which 
generally may be carried in the wing. Por constructional 



N.A.C.A. Technical Memorandum No. 925 29 



reaeons of this kind, the porformanco gains discusspd 
above cannot always ho realizod. To dotermino the lim- 
its that- must apply would, take us beyond, thxi. soop.o of this 
papor, which has for its -object only tho invest igation of 
the gain in flight performance by reduction in tho wing 
size without considering the constructional side of tho 
problem. 

Ey increasing the wing loadings beyond the valuo 
140 kg/ma, which corresponds approximately to the presont 
state of development, speed gains of 5 to 10 poroont, ac- 
cording to tho doBign data of tho airplane, are thus ob- 
tainable. Theso increases in tho loading aro not in thom- 
solvos of vory groat magnitude but thoy aro an important 
stop toward furthor rofinement of tho oirplano design which 
without increase in the propulsive powor leads to an in- 
crease in the flight performance. 

J. CONCLUSIONS 
I. High Spood 

1. Tho optimum wing loading, G/p*, ' for which tho 
maximum spood at given aspect ratio undor cortain simpli- 
fying assumptions attains its greatest value is givon 

by tho following relation: 

& /** = § T max 3 </"A C «P 

l.o. , an increase in the wing loading Is of particular ad- 
vantage for high-speed airplanos at low altitudo, whoroaB 
for slow-spood airplanes and high altitudos no approciablo 
gain is to bo oxpactod. The most favorable wing loadings, 
other conditions boing oqual, aro higher tho greator tho 
aspect ratio and the profile drag ooofficiont and tho low- 
er tho altitudo. 

2. Because of tho flatness of the speed optimum with 
change in wing loading, it is of advantage and most often 
even necessary to remain considerably below tho optimum 
wing loading. The resulting loss in maximum speed is 
greater the groater the flight Bpoed and the aerodynamic 
efficiency of the airplane; i.e., for the future airplane 
development in the direction of high speed and aerodynam- 
ioally still more efficient airplanos, the sensitivity to 
the optimum choice of wing loading will- increase. 



I 
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3. In the caso of high-powered airplauoa with, high- 
power enginos, the wing aspect ratio has only a secondary 
importance In the case of airplanes with low-powor on- 
ginos (long-range airplane) the increase in the wing loading 
offers, however, considerable gains in speod which are 
available up to aspoct ratios of 15; 



1. In agreemont with the relations holding for the 
maximum spood, the optimum wing loadings for climbing 
flight are higher tho more powerful tho ongino, tho groator 
the aerodynamic efficiency, tho higher tho aspect ratios 
and tho profile drag coefficients, and tho lower tho alti- 
tudo. Tor the prosent-day airplanos tho optimum wing 
loadings are generally at smaller than tho designed' values, 
so that an incroaso in tho wing loading for oqual aspect 
ratio iioccssarily loads to impairment in tho climb ability. 
These losses can bo balanced, however, for tho greater 
part if v on Increasing tho wing loading tho aspect ratio is 
simultaneously increased. 

2, Tho sensitivity of tho airplanos to deviations 
from tho optimum wing loading is groator tho smaller tho 



3. Tho aspoct ratio at optimun wing loading has only 
a small effoct on the rate of climb. A chango in tho as- 
poct ratio is therefore generally of advantage only if the 
Iobbos in rate of climb through high wing loadings are to 
bo kept small* 



II. Climbing Flight 



ratio 
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APPENDIX 

CHANGE 117 WEIGHT OE AIRPLANE SUE TO CHANGE .. IN. WING, DIMENSIONS 

I. General Remark 



For tho determination of the flight perf orraancos , 
particularly tho maximum rate of climb and tho magnitudes 
like climbing tino and coiling altitude depending on it, 
it iB of groat importance to knov tho change in veight of 
tho airplane as a rosult of tho change in tho ving load- 
ing and aspect ratio. 

Sinco the woight of tho wings is nainly affoctod by a 
change in wing loading and aspect ratio and to a snallor 
oxtont by the weight of tho fuselage, tail, and landing 
gear, it will bo assumed in this approxinato computation 
that tho lattor threo structuros do not undorgo any changes 
in woight. Tho error arising from this assumption may 
usually bo cxpoctod to bo Tory small bocauso small changes 
in the woight s of thoso parts, which changos may oven com- 
ponsato each other*, affect tho ovor-all weight inappre- 
ciably. If these changos are negloctod, tho problem may 
bo restricted to that of finding a reliable rolation bo- 
twoon the weight of the wing on tho one hand and the wing 
loading and aspect ratio on the other. It will further be 
assumed that tho wings are cantilever monoplano which main- 
tain their thickness ratio and taper ratios with change in 
dimensions and have similar structure to the original wing. 

II. Unit Weight of Wing 

Although a considorablo portion of tho weight of a 
wing is mado up of additional woights.for oxamplo , as a 
result of cut-outs, ovorO.imonsioning of parts, etc., it is 
novortheloss to bo oxpoctod that the total weight is mainly 
affectod by that portion which is required for taking up 
the oxtornal wing stresses. Tor this roason, tho woight 
of tho wing, following an unpublished work of Sock (refer- 
ence 9 ) is dividod into tho following main groups: 

1. Portion of tho woight that is proportional to tho 



♦On reducing tho wing loading, tho woight of the fusolago 
and tail will, in general, bo lncreasod whereas that of tho 
landing gear is docroasod. 
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flango of tho longorons (for taking up the 

bonding momonts). 

... ,. ... t . 

2. Portion of tho voight proportional to tho wob of 

tho longerons (for taking up tho shear forces). 

3. Portion of tho weight proportional to tho weight 

of tho covering (for taking up tho wing tor- 
sion). 

4. Portion of the woight proportional to tho wing 

aroa to cover tho additional weights, as by 
overdimons ionod plates, otc. 

Por simplification, tho offoct of tho BtiffnosB.ro- 
quiremonts was not taken into consideration, sinco these 
roquiroments would load to a very complicated computation. 

1. Plan/ro weight.- Assuming that in taking up the 
bending moments tho effective distanco between the longoro 
flanges is equal to the maximum height of the wing profile 
i.e., if tho docroaso of tho • of f octivo distance by tho fi- 
nite thickness of the flangos is nogloctod, thero is -ob- 
tained from tho bonding momonts for the flange weight of a 



half w 




dx 



where 

Pq z is cross section of flango at position x; 

h z , maximum profile height at position x; 

M z , bending moment at x'; 

Y, specific weight of tho material (duralumin) } 
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CTj,, moan Btross in flange of longoron; 

n^, brooking load factor of tho wing in case A. 

Assuming taporod wings with a taper ratio t*/t a and 
thickness ratio which dooreasos linearly from ^±/t± at 
tho wing root to d a / t a at the wing tip* we obtain, after 
solving tho integral and transforming: 

V* " H ni 0/p I A dI7tt f 9 <la> 

In tho above oquation, the factor fg. takes caro. of 
tho effoct of tho taper ratio t j./ t a and tho offoct of 
tho docroaso of the wing thickness ratio toward tho wing 
tip and is dofinod by the following relation 




1 + - — C^i- - l)l d 

3 b/2 Vtq J] \*l2) 



I b/2 H a '±6. ± /t a b/2 V di/ti^J 



(lb) 

For equal taper ratio and equal variation of tho thickness 
ratio, tho factor fg. is thus a constant. 

2. Woight of web.- If tho tranBvorso forces of tho 
wing aro assumed to bo taken up by a wob of shoaring 

strength Tgt, the weight of tho web is 

b/e „ b/s 

d 



■&st = i j »at ** = ^ 



x 



JD "0 

b/c 



Again, if a tapered wing with the tapor ratio ti/t a 

is assumed, there is obtained for tho weight of tho wob 
roferrod to the wing area' 

°St/» = n A fl /* | f St <2a) 

1 St » 
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whoro tho factor f gt again takes earo of tho effect of 
tho wing shape and is detorminod "by the relation 

f st = Yjl*ml. fu'iifii . OW-tO (»•) 

7 -l+ti/t a L 3 V2^t a J\ \b/3/ 
o 

g. Weight of covering. - Considering tho wing torsion 
in diving flight with dynamic prossure q. c and the monont 
coefficient c Uq as determining tho dimonsion of tho cov- 

oring, we find in the samo way as for determining the 
wolghts of the flanges and woo 

From a statistic consideration of ordinary wing sections, 
it -was found that with good accuracy, wo may sot 
Upr t 3 

— = -T7T • With this relation, thoro is ohtainod 

P pr d/t 

where tho factor f^ is defined "by 



4i/ti/d a /t ( 



h/2 1 + tj/ta 

1 + 



* f *l/tl _ ^ 



h/2 Vd Q /t Q 



\ h/2 / \t a / h/2 \ t a / 



+ 3 



x / ti 
1 + ' 1 



b/2 



(it" 1 ) 



df-i-} (3D) 
V b/2 ' 



In this formula for Gjj/J it is inconvenient that not tho 

load factor n^ hut tho diving flight dynamic prossure q. c 

must ho introducod for estimating tho external load. Ac- 
cording to the airplane strength specifications of Decomher 
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1936, a safe dynamic prosauro Is assumed for the majority 
of airplanes icsafo ~ 2,25 °h whero qh is the maximum 
dynamic prossuro in unaccolorated le vol - flight . For a 
slmplo ostimato, we may introduce, in agreement with tho 
load assumptions of January 1935, tho following relation 
botweon tho maximum dynamic pressure q^ and the load 
factor n A , which relation also well agreos with the load 
spocif ications of December 1936 in the practically im- 
portant range of = 5 to 9 (roforonoe 10) : 

G/F 

n A a „-p q = -0.7 ~t~ = — n a 
*s af e 2 a 

With this rolation, aquation (3c) assunos tho form 

*Y "b X 

G B /F =1.6 o n — G/F - n A . f D (3c) 

T D 2 

4. Total weight of wine unit. - With tho partial 
weights derived above, thero is obtainod for tho ontire 
unit woight of a wing tho following relation 



G,/F = n A G/F - \- — i A f a 

*' A 2 L 2 0"G di/ti G 



+ 2 t?T f st + 1 ' 6 c *o 7- TTT" f B 1 + k z (*) 
T St T D dj/ti J 

This unit woight formula is not to "bo used for com- 
puting tho woight of a given wing but only for the esti- 
mate of tho chango in wing weight In passing from a given 
wing sizo or aspoct ratio to difforent dimensions, koep- 
ing tho same wing structure, thickness ratio, taper ratio, 
etc* It is sufficiently accurate to Introduce moan values 
for the form parameters fg., fsti &nd Fj, and moan fic- 
titious stresses Into the computation. Under these sim- 
plifying assumptions, tho wing weight equation (4) takos 
the following form: 

Gp/F = (^ +, k 3 A) n A b G/F + k z (5) 

By comparison with statistically dotornined woights of 
wings, tho following values woro found for tho constants 
k x , k s , and k z : 
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k x = 0.58 



k a = 0.041 x 10 



x 10- 3 m" 1 | 
x 10-3 m -i ► 



3.5 kg/m a 



State corresponding to the 
years 1934 to 1936* 



The unit weights of the ving determined in the above 
manner sufficiently well agroe with most of the wing 
weights of present-day design. Since the above computa- 
tion. is intondod ossontially for future airplanes, for which, 
corresponding to tho continued progress in airplane dosign, 
smaller weights may bo expected, tho wing woight corre- 
sponding to tho prosont stato of development was reducod 
by about 15 porcont: i.o., the constants of tho unit woight 
formulas (equation 5) wore taken to be the following: 



•Assuming in the mean a thickness ratio at the wing root 
di/tj_ = 0.17, docroaso of tho thickness ratio toward tho 
wing tip d a /t a = 0.6 di/ti and taper ratio t a /tj, = 0.5, 
we obtain the following wing shape parameters: 

fg. = 0.26; f st = 0.44; f B = 1.2 

With these values, the mean fictitious rupture stresses 
of the wing and the effective wing moment coefficient are 
found to be tho following: 

0" G = 25 kg/mm 3 ; Tg t = 3.5 kg/ium3; 

T B /c mo = 3.0/0.07 = 43 kg/mma 

For comparison, thorc was dotormincd, according to 
Hock and Ebnor (rcforonco in) the critical buckling stress 
for a covering of a wing with f ixod ends (30 cm long, IB 
cm wide, 1 mm thick) as 3.0 kg/mm2 and for the web plato 
corresponding to tho bottor support of the wob and groator 
shoot thicknesses 3.5 kg/mn a . Taking account of tho Usual 
additional weights by cut-outs, overdimensioning, etc*, 
tho moan fictitious stresses assumed conparo reasonably 
with the critical buckling strosscs of sovcral typical 
structural nonbers and also with the moan tonsilo and rup- 
ture stress of duralumin. 
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kj. = 0.50 x 10~ 3 m -1 

' k s 'V 0.035 10- 3 n -1 ... \ 

k z = 3.0 kg/n a 

Figure 25 shows the wing unit woights for various 
aspoct ratios obtained with those values as a function of 
tho principal parameter n^ fl/T b. Figure 26 shows for 

comparison tho wing woights of airplanos of tho years 
1934 to 1936 conputod with the aid of figure 25. for tho 
sano aspoct ratio A = 5 by tho addition of tho woight 
incroncnt AG/l = ^/^i^ =B " &y/^h» Tl10 noan CVL rvo lies 
in tho noro favorablo half of tho rango of weights and 
agroos woll with the statistical values. 

III. Chango in Woight of Airplano through Chango in 

tho Wing Dinonsions 

For use in later computation, it is of advantago to 
determine tho chango in tho weight of tho airplano result- 
ing from a change in the wing area and aspoct ratio by 
moans of ratios which rofer to a dofinitc initial stato 
to bo moro accuratoly dofincd lator. All values which ro- 
fer to tho initial state will be donotod in tho computa- 
tion by primes, F 1 , n^ 1 , etc., and tho ratios of tho 

changed nagnitudos by fl: for example, fijt = F/F' p 
C2n A = ha/ha 1 - 



If wo assume furthermore that tho ratio of tho wing 
weight to tho total woight in the initial state is known, 



for example, 



r F 



1 = (1 - cpO&'i then from equation (5) 



the rolation may be detorminod as follows: 



k x + k 3 



Substituting the above relation and the notations reforred 
to tho initial stato in equation (5), wo obtain 



0/F 




+ k a n 



3 /a 



1 - Qpl - - 

i/e ■ ^ G/u-i 



A 1 



k x + k s A' 



1 - cp« - 



g/F' 



k x + k a A 1 



Oa/F &/F« 
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Sotting up tho equation for the gross woight of tho 
airplano undor tho assumption that only the weight of tho 
wing undorgocs change, vo obtain 

1 - 9 ' * + ^ yfe X N* *"* n H * k2 * 4? U) 

Prom tho abovo rolation tho airplane weight ratio fig. 
can ho computod for any wing load ratio fia/p and aspoct 

ratio Q^. Further consideration shows that tho ahovo is 
a cubic oquation for fig. 2 (irroduciblo caso) of whose 

throo roal solutions only one lios within tho practical 
rango qp* < CiQ. < + oo . Per this solution, thoro is obtainod 

cos a = — '- — (7"b) 

3 /a 



To ovaluatc this oquation, tho following constants 
wcro chosen as initial values: 

Wing loading G/F« = 100 kg/m a , 

Wing aspoct ratio A 1 = 5, 

Ratio of wing, weight to total woight Gp'/G 1 = 1 - <p f 
0.14 (will he cxtendod later to a greater rango). 

Tho assumed wing woight proportion of 14 percent cor- 
responds to favorablo moan relations for airplanos of the 
years 1935 to 1937. Figuro 27 shows tho numorlcal evalua- 
tion of oquation (6) for tho ahovo initial values. 
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IT. Sensitivity to the Change in the tfoight of Wing 

The relations derived above for the change in the ■■ 
airplano woight through a various choico of tho wing 
loading and aspect ratio depends on numerous assumptions, 
so that in conclusion, it boohb usoful to investigate 
the offoct on the curves of making changes in tho assump- 
tions. Tho most important assumptions are tho unit ving 
weight curve of figure 26 and tho assumed ratio of the 
wing woight to total weight of 14 percent. 

In ordor to investigate first tho offect of tho unit 
wing woight curve, tho woights woro first incroasod by 
30 porcont and thon loworod by tho same percentage and 
with thoso changed values there was again detorminod tho 
wing woight to total woight ratio for tho aspect ratio 8. 
Since tho flight ratio woight in spito of tho various 
assumptions for tho weight of tho wing tends toward the 
limiting value G«/G = 1/ cp» = 1.163 at infinitoly high 
wing loading tho doviations of the actual values from the 
mean values remain oxtrciaoly small also in tho rango of 
high wing loadings. Numerical evaluation gave only slight 
doviations of loss than 1 percent of tho moon values. In 
contrast to this, largor doviations woro obtainod if for 
the same unit wing weight curvo tho ratio of wing weight 
to total weight was varied. Figure 27 shows tho chango 
in woight of airplano for assumod wing weight proportions 
of 10, 14, and 18 porcont of the total woight at tho in- 
itial stato (G/l" = 100 kg/ma, A 1 = 5). Sinco with in- 
creasing wing loading tho curvos approach various limit- 
ing valuos asymptotically, tho differences increase consid- 
erably with increasing wing loading. 

In order to bo able to estimato also tho relations 
for changed wing to airplano woight, for oxamplo.for 
Gp 1 = (1 - (Pa 1 ) G'.may bo used with sufficiont accuracy, 
tho airplano woight scalo boing multiplied by qp'/qp 3 i and 

G/P 1 

tho wing loading scalo by . , 

G/P A=B (for G'/Gqi/<p 3 ' = 1.0) 
i.e., on the diagram that point is sought on tho G ! /G 
curvo for which tho weight of tho wing at tho ospoct ra- 
tio A' = 5, has the desired valuo (1 = <P a ') G' instead 
of (1 - op 1 ) G 1 and tho ontiro diagram is roforrod to this 
point as initial point (soo approximate points, fig. 27). 
Tho corresponding now scales for tho wing woight propor- 
tions of 10, 14, and 18 porcont at tho aspect ratio 5 and 
tho wing loading G/T 1 = 100 kg/a a are givon in figure 27 
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of tho main roport, bo that this diagron nay bo' nado ap- 
plicable for a wldo ran,~o of wing woight ratios, thus pr 
Tiding a noans for taking account of tho offoct of tho 
wing woight on tho airpl'ano porfornanco. 



Translation by S. Boiss, 
National Advisory Connittoo 
for Aoronauties. 
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FigB. 1,2,3,4 
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Figure 2.- Airplanes with various 
reduced wings. 



Figure 1.- Power balance, of a two-engined 

high-speed airplane. 
G/F = 120 kg/m s G/N = 4.5 kg/hp 




Figure 3.- Gross weight ratio G'/G as a function of the 
wing loading and aspect ratio. 




^ Wing /ooding , 



Figure 4.- Maximum speed of a high- 
speed airplane at various 
wing loadings. 

Power loading nN/G» = 0.2 hp/kg 
Parasite drag ratio f /&• = 
0.1xl0- 3 m 2 /kg 

Altitude a 4 km, aspect ratio A= 8 
(ratio of wing weight to total 
weight G P «/G' ■ 0.14) 
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Figure 6.- Maximum speed Vjj^* at optimum wing loading G/F* for 
equal aspect ratio A (without weight correction). 
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Figs. 7, 8,9 




Figure 7.- Optimum wing loading (J/F* 

and corresponding 
maximum speed V,^* for recent 
airplanes (without weight correction) 
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Figure 8.- Dependence of the maximum Bpeed on the wing loading 
for equal aspect ratio (without weight correction). 
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Figs. 10, 11, 12, 13, 14 
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G'=airplane weight at G/F =100 
kg/m 2 and A = 5 

G'j>=weight of wing at G/F =100 
kg/m 2 and A =5 c 

%=p/p4ooo : ^-5-5^ 

Figure 10.- Effect of the aspect ratio 
on the maximum speed Vmax* at optimum 

wing 
load- 
ing 
(with 
weight 
correc- 
tion) . 



ISO kg/m* 300 

Power loading: tjN/G' 0.2 hp/kg 
Parasite drag ratio: f'ws/^' 3 
O.lxlO-3 m 2 /kg. 

Altitude =4 km, aspect ratio A«8. 
(ratio of wing weight jO total 
weight G'p/&'=0.14) 
Figure 14.- Rate of climb of a 
high speed airplane 
at various wing loadings. 
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mum G/F and A = 5. Power loading <nN/G' = 0.2 hp/kg 

G' weight of airplane at G/F =100 ? ar t 8l $® dr f« ratio :f' WB /G' = 0.05 x 
/_2 .... y 10-" 5 nT/ke- ( =n nn*^ 



kg/m and A = 5. 
Figure 12.- Effect of the wing 
aspect ratio on the 
maximum speed for a long range 
airplane (with weight correction 
G' F /G' = 0.14) . 
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10-3 nT/kg (c wp = 0.006) 

f'ws/G' = 0.1xio- 3 m 2 /kg 
(c W p=0.01) 

Aspect ratio A=8. Maximum speed at 
optimum wing loading ^Vmax*. 
Figure 13.- Effect of altitude on 
the choice of wing loading(with weight 
correction G'p/G' — 0.14) . 

v m a X * A - 5 - maximum speed at opti- 
mum G/F and A = 5. 

G' = weight of airplane at G/F = 100 
kg/m** and A =5. 

Figure 11.- Effect of the aspect 
ratio on the maximum 
speed for a high speed airplane 
(with weight correction.G'F/G'^O. 14) . 
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Pigs. 15,16,17,18,19 
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Figure 15.- Optimum wing loading 

G/F* for climb for aspect 
ratio A = 5 and corresponding rate of 
climb w max *(with weight correction). 



ff Oross wt.'OIF-Wlillm'i}mA-5 : 0' r ^Ul'ng -lllF-iaitflm'ii.A-5. 

Figure 16.- Effect of the aspect 
ratio on the rate of 
climb at optimum wing loading 
(with weight correction). 
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•max*^ fate of climb at optimum 
wing loading G/F*. 
nN/G 1 ** power loading; 

°P" P/P 4000 

n = 

Cwp= 0.012 

w max rate of climb at wing load- 
ing G/F. 

Figure 17.- Dependence of the rate 

of climb on the wing 
loading for equal aspect ratio 
(with weight correction). 




Figure 19.- Dependence of maximum 
Figure 18.- Maximum speed Vnax* at 8 Peed <m the wing loading at equal 
infinite power loading and equal 8pan load *°« V* 2 (without weight 
span loading (without weight cor- correction), 
rection) . 
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Figs. 20, 21, 22, 23, 24 
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Figure 22.- Long range airplane (with 
weight correction; &p'/Gr ,== 
0.14). G=32000 kg; N = 4 X1000 hp, 
wing loading at equal span loading Vvmx^tOO km/h; (v cru i 8 % =5 ==295 km/h) 
G/b 2 (without weight correction). 



Figure 20.- Dependence of the 

maximum speed on the 
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Figure 21.- Design magnitudes of 

airplanes of the years 
1935 to 1937. 





fPafs of climh at take- 
off (ratecf power 
at arourtcl 

x ~^ H-Okm 



Take - off wing loading GIF 

500 Hg/rn^m 



High speed f/i^jhrin H= Skm 
(rated power, take- 
off weigh f) — 




W 



Climb H=5km 
(rafed power, fatre- 
off weight) 

1 . I I 
Take -off w/ng loading 

2fe jfe m m tyiriiw 



w m j» too 

Figure 23.- Medium range airplane 

(with weight correc- 
tion ;G' F /&«=0.14) 0 =9000 kg; 
N=2 X1000 hp, v max6 = 500 km/h 

(▼cruis*A = 5 =48 ° Wh). 

Figure 24.- Short range airplane 
(with weight correc- 
tion; G'f/G« = 0.14) G=2300 kg; 
N =1000 hp, v InaX 5 =600 km/h 

( v cruis* A =5 =680 WW • 
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Figs. 25, 26, 27, 28, 29 
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Figure 25.- Weight of unit wing 
Gy/F for cantilever 

monoplane wing of all metal con- 
struction. 
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Figure 26.- Comparison of com- 
puted weights of 
\init wing with statistics. Unit 
weights improved by 15 percent 
and computed with aid of fig. 1 
for aspect ratio A = 5. 

























i 


11 — 














































1 — 














































|E — 
























V 




f 






-6'- " 


»® 


























ps-y 


































Wtn$ joad/nytif ' 





























































































































































































































































































































































































































(Air density to f 
f \.a/HfudeH) 
ttsoo A!r- </ tns !ty or"""""- 
















































































































































































































































































































































































































a. 




























































































































































































































































































































































































































































































































































































































































































































































































































i 









































Figure 28.- Graph for the com- 

nut ation o f the air 
density ratio Vp/p 400 Q =n*f . 
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Figure 29.- Graphs for the determi- 
nation of the coefficients 

£i A and fic wp - 



Figure 27.- Airplane weight ratios for various 

proportions of the wing weight. 
Continuous curves {accurate computation. Points 
determined from fig. 3 of the body of the 
report by scale shifting. 



